Acetyl-CoA carboxylase (ACCase) catalyzes the first committed step of fatty acid synthesis, the carboxylation of acetyl-CoA to malonyl-CoA. Two physically distinct types of enzymes are found in nature. Heteromeric ACCase composed of four subunits is usually found in prokaryotes, and homomeric ACCase composed of a single large polypeptide is found in eukaryotes. Most plants have both forms, the heteromeric form in plastids, in which de novo fatty acids are synthesized, and the homomeric form in cytosol. This review focuses on the structure and regulation of plant heteromeric ACCase and its manipulation for plant breeding.
Fatty acid biosynthesis in plants takes place within plastids and is catalyzed by two enzymes, acetyl-CoA carboxylase (ACCase) and fatty acid synthase. ACCase catalyzes the first committed step, the carboxylation of acetyl-CoA to malonyl-CoA. This enzyme is composed of a biotin carboxyl carrier protein (BCCP), biotin carboxylase (BC), and carboxyltransferase (CT), and catalyzes the two different half reactions given below:
(1) BCCP + HCO 3 À + Mg 2þ -ATP ! BCCP-CO 2 À + Mg 2þ -ADP + Pi: biotin carboxylase (2) BCCP-CO 2 À + acetyl-CoA ! BCCP + malonylCoA: carboxyltransferase Physically distinct heteromeric and homomeric forms are found in nature. A heteromeric form of ACCase is composed of 4 subunits, BCCP, BC, and the and subunits of CT, and is usually present in prokaryotes. The homomeric form is composed of a large polypeptide with the 4 subunit domains and is present in eukaryotes. Most plants have both forms ( Fig. 1) : the heteromeric form in plastids and the homomeric form in cytosol, with the exception of the grass family, including wheat and rice, which have the homomeric form in both cytosol and plastids. 1, 2) We first identified the plastid heteromeric form in 1993, 3) and the details and recent structural developments are described here.
Discovery
In 1972, the Stump group reported that the spinach ACCase resembles the E. coli enzyme in that it can be resolved into three components. 4) In 1975, the Numa group purified the homomeric form of ACCase from rat and yeast 5) and a similar homomeric form was also purified from plants. 6) Stump speculated that plants have two forms of ACCase, a heteromeric form in plastids and a homomeric form in cytosol. 7) But all of the purified ACCase from plants is in the homomeric form, and there was no clear evidence indicating the presence of the heteromeric form until 1993.
Identification
In 1986, complete sequences of the chloroplast genome from liverwort 8) and tobacco 9) were reported, and about 30 open reading frames (ORFs) of unknown function were found. To learn the function of each ORF an experiment was conducted, in which we speculated that a light-responsive gene might be a photosynthesis gene and that a light-unresponsive one might be important for plastid survival. Light-unresponsive genes were surveyed in pea seedlings using various ORF fragments from the tobacco genome as a probe. The gene expression of one ORF (ORF 590 in the pea) was found to be unresponsive to light in 1987. Antibodies against an oligopeptide and a recombinant protein containing part of the pea ORF 590 protein were prepared. A polypeptide in a pea chloroplast extract reacted with both antibodies and was identified as the ORF 590 protein. 3) Labeling experiments showed that the antibodies co-precipitated two to four polypeptides, which suggested that the gene product formed a soluble complex composed of several subunits. In the course of this experiment, surprising results were reported that the rice plastid genome had a short partial sequence 10) and that wheat had no homolog.
11) E. coli, however, had a homolog, named dedB.
12) The mystery was resolved by identifying the ORF 590 protein.
In 1992, Cronan showed that the amino acid sequence of the purified subunit of CT from E. coli coincided with that deduced from dedB, and dedB was renamed accD, 13) the fourth gene identified. A plastid homolog, such as ORF 590, was proposed to be accD. 14) Because it had been accepted that plants had a homomeric form of ACCase, 6) a clear demonstration was required. We showed that antibodies against part of the ORF 590 protein inhibited the activity of ACCase solubilized from pea chloroplasts and co-precipitated the biotincontaining protein that constitutes a heteromeric form of ACCase.
3) Thus, in 1993, we demonstrated the heteromeric form of ACCase in chloroplasts. The homomeric form was shown to be in the cytosol, 1) and the Stump proposal 7) for the compartmentation of two forms of ACCase was demonstrated. 15) The question concerning the grass family was also answered. Wheat lacking the accD gene does not have a heteromeric form, but has the homomeric form in both the plastids and cytosol.
1) The same was true for rice. Monocots other than the grass family have accD and putative BCCP subunits.
2) It is not known why the grass family lost accD. One hypothesis is that the accidental addition of a transit peptide to the homomeric form of ACCase and its effective functioning in plastids resulted in the loss of the heteromeric form of ACCase. The findings demonstrating that the grass family lacks the heteromeric form of ACCase explained the origin of herbicide sensitivity. The target of several grass-specific herbicides was known to be ACCase, 16) but an explanation why only the grass family was killed was not forthcoming. The difference in ACCase between the grass family and other plants suggested the reason. Such herbicides were shown to inhibit the activity of the homomeric form of ACCase but not that of the heteromeric form in vitro. 1) This result led to the explanation that the grass family is killed by inhibiting the in vivo activity of the plastid ACCase, thereby blocking fatty acid synthesis.
The plant heteromeric form of ACCase easily dissociates into two components, CT and BC containing BCCP, and cannot be analyzed by ion-exchange chromatography, although the enzyme can be analyzed by gel filtration. This enzyme has not been purified by conventional approaches. The remaining three subunits, BCCP, 17) BC, 18) and the subunit of CT, 19) were identified by sequence similarity with the corresponding E. coli gene using the available cDNA library. These genes are nuclear-encoded and have a transit peptide that targets the plastids. Thus the plant heteromeric form of ACCase was identified. The gene name and subunit size in the pea are shown in Table 1 . The size of each subunit is larger than that of the bacterial enzyme. The role of the extra sequence of plant enzymes is unknown.
The molecular form of the plastidic heteromeric form of ACCase is not clear, but it might be (BCCP) 4 2 , like that of the recently revised bacterial ACCase. 20) The homomeric form of ACCase is a dimer of a large polypeptide of about 210-250 kDa, 6) and the size observed by gel filtration is about 500 kDa. The observed size of the pea heteromeric form is about 650-700 kDa, 3) larger than the calculated value, 500 kDa. The authentic CT partially purified from the pea, 21) 490 kDa, is also larger than the calculated value, 320 kDa. The recombinant CT, whose catalytic properties are similar to those of the authentic CT, is about 490 kDa, which indicates that CT is composed of and polypeptides. 21) The size discrepancy is unknown, and reconstitution experiments will account for the discrepancy in molecular size and confirm the molecular form.
The catalytic properties of the bacterial heteromeric form are being studied intensively by the Cronan group.
22) The crystal structures of bacterial BCCP 23) and BC 24) have been reported, but those of CT are unknown, except for the analysis of the CT domain of the homomeric form of yeast. 25) The zinc finger motif CX 2 CX 13{15 CX 2 C is conserved in all the -CT of the heteromeric form but not in the CT domain of the homomeric form. Although deletion of this motif resulted in loss of activity, 26) the function of the motif is not clear.
The genome information 27) shows that the Arabidopsis genome has 1-2 genes encoding the heteromeric form of ACCase, that is, two genes for BCCP and 1 gene for each BC, -CT, and -CT. The rice genome does not have any of these genes. As for the homomeric form, both genomes have two genes (ACC1 and ACC2), one for cytosol and one, probably, for plastids. Such genome information is consistent with the results from biochemical studies, except for the possible presence of a homomeric form in Arabidopsis plastids, which is discussed later.
There are several reasons that identification of the heteromeric form has been slow. First, when compared to the homomeric form, the enzyme is too labile to isolate, and all of the isolated enzymes were of the homomeric form. When a plant cell is macerated, most of the heteromeric form is inactivated by something in cytosol, and the measurable activity is predominantly that of the homomeric form. After isolation of the plastids, the heteromeric form is solubilized and its activity is measurable, although the enzyme is associated with the chloroplast envelope. 28) Secondly, in early experiments, plant ACCase was studied in maize and wheat. These plants of the grass family are surprisingly different from other plants in regard to enzyme form. These questions were answered by DNA sequence information. [8] [9] [10] [11] 3. Role of two ACCases Plants are capable of long-distance transport of sugar and amino acids but not of fatty acids synthesized by the mesophyll cell. Usually, each cell must synthesize the fatty acids required for the cell. The de novo synthesis of fatty acids occurs predominantly in the plastids, and the synthesized fatty acids pass through the plastid envelope and are modified in cytosol and plastids in response to the plant's needs. The precursor malonyl-CoA does not pass through the envelope and must be synthesized in both plastids and cytosol by ACCase according to cell requirements. In plastids, malonyl-CoA is mainly used in the synthesis of fatty acids, whereas, in the cytosol, it is used in various reactions: for example, the synthesis of flavonoids and anthocyanins, the synthesis of very long-chain fatty acids (VLCFA), the malonylation of Damino acids, and malonylation of the ethylene precursor 1-aminocyclopropane-1-carboxylic acid, which reduces the rate of ethylene production.
Flavonoids absorbing UV-B are synthesized in response to UV-B irradiation to prevent the radiation from penetrating the photosynthetic organ. 29, 30) Indeed, the homomeric form of ACCase, but not the heteromeric form, is induced by UV-B irradiation, probably to supply malonyl-CoA in the cytosol for the synthesis of flavonoids. 31) The heteromeric form of ACCase is essential for the survival of plants, as it catalyzes the first committed step of fatty acid synthesis. A recent study has shown that the homomeric form of ACCase is also essential for the survival of Arabidopsis.
32) T-DNA tagged acc1 mutants displayed defects in embryo development and in the synthesis of VLCFA. In yeasts, the deletion mutants of ACCase genes are lethal, [33] [34] [35] whereas the deletion mutants of fatty acid synthase can survive by supplying the fatty acids in the medium. 35) VLCFA synthesis is essential for the survival of baker's yeast, 36) and at least in plants and yeasts, malonyl-CoA in cytosol mediates an essential step for survival. VLCFA or their derivatives, such as sphingolipids, might have a function that is essential for eukaryotic cells.
Compartmentation of ACCase in plastids and cytosol may be necessary for the production of an appropriate amount of malonyl-CoA and for various reactions to proceed efficiently.
Recent information from functional genomics
Functional analysis of a biological process using genome information is now called ''functional genomics.'' With the accumulation of genomic sequences and the appearance of new bioinformatics, the concept of functional genomics has proven to be increasingly powerful. Below are descriptions of recent information concerning plant ACCase obtained from functional genomics.
Bioinformatics has made the following prediction possible. Crotonase is a CoA-binding enzyme that catalyzes the reaction for fatty acid -oxidation. Using bioinformatics, 37, 38) it has been proposed that the CT domain of homomeric ACCase has a structure similar to crotonase; this was recently demonstrated as a result of analysis of the crystal structure of the CT domain from baker's yeast. 25) Arabidopsis has two homomeric ACCase genes (ACC1 and ACC2). 39) A previous experiment suggested that the two homomeric ACCases were present in the cytosol. However, using TargetP, 40) a program that predicts subcellular location, the Ohlrogge group claimed through its Arabidopsis Lipid Gene Database (http:// www.plantbiology.msu.edu/lipids/genesurvey/) that ACC1 is present in the cytosol and that ACC2 is present in the plastid. The ACC2 gene has an additional 5 0 exon that is also present in the Brassica napus homomeric ACCase gene; GFP-fusion experiments have suggested that the protein of this latter gene is present in the plastid. 41) Taken together, these findings suggest that the ACC2 protein may be present in the plastids. To prove this important prediction, which was made possible by informatics, it will be necessary to determine experimentally the localization and function of the Arabidopsis ACC2 protein.
Expression profiling analysis, an approach to functional genomics similar to DNA microarray analysis, is a powerful tool. Expression profiling provides a comprehensive insight into the tissue-and developmentalspecific expression of genes and the response of gene expression to environmental stimuli. For example, the clustering analysis of DNA microarray data leads to prediction of the function of unknown genes. The Ohlrogge group conducted DNA microarray analysis of the seed development process of Arabidopsis genes 42) and found that genes with a similar metabolism pathway show similar expression profiles. Moreover, they showed that, during seed development, the expression of the genes involved in starch synthesis first increases and thereafter decreases. Then the expression of the genes involved in fatty acid synthesis increases and thereafter decreases, and finally, the expression of the storage protein increases. The expression profiling of a low-seed-oil mutant of Arabidopsis, wrinkled1, is very similar to that of the wild type, but the expressions of the plastidic ACCase genes of wrinkled1 are less than half of those of the wild type. These results reconfirm that this enzyme is the key player in lipid synthesis in seeds. Such findings provide a new strategy for the study of lipid synthesis in seeds.
Biosynthesis and its regulation
The heteromeric form of ACCase is composed of four subunits. One subunit is encoded by a plastid genome, and the remaining ones are encoded by a nuclear genome. Generally, a cell has 2 copies of a nuclear genome and more than 500 copies of a plastid genome; 43) this is because a cell has various amounts of plastids that have diverse copies of the genome. The copy number of the accD gene in a cell is entirely different from that of the remaining three genes. For the synthesis of a functional complex, several steps may be regulated. To date, the regulated steps investigated are as follows.
Transcriptional regulation
Most fatty acids are used for the synthesis of membrane and storage lipids, and fatty acid synthesis is required for the early stage of cell growth and development. Such fatty acids do not turn over rapidly, and, thereafter, their de novo synthesis decreases to basal levels. These changes are partly accomplished by a change in the amount of a key enzyme, ACCase. Indeed, four transcript levels of ACCase increase during the somewhat early phase of seed development, attain the maximum level, and then decrease in the late phase of development. 44) The relative change in the four transcript levels appears to be coordinated. These changes are mainly caused by transcriptional regulation. The three genes in the nuclear genome, accA, accB, and accC, are not located in one operon. The coordination of the expression of these three genes hence ought to be examined. The gene dosage of the accD in a cell differs entirely from that of the three nuclear genes. It would be interesting to identify the mechanisms involved in the coordination of accD with the three nuclear genes. The Cis-element of the promoter of the three genes and the trans-acting factor involved are not yet known, and neither is the mechanism of coordinated production of a transcript in two organelles. These interesting questions will be answered in future studies.
RNA editing
RNA editing is one of the most interesting and universal RNA-processing mechanisms known to affect gene regulation. This process has been detected in a variety of organisms, such as trypanosomes and mammals. 45, 46) In chloroplasts, RNA editing is a widespread processing event that creates start and stop codons and, most frequently, alters coding sequences. [47] [48] [49] [50] [51] RNA editing in chloroplasts is mostly a cytosine-to-uracil change at the second nucleotide position of the triplet. 52) In transcripts of the tobacco plastid genome, 0.13% of cytosine is changed to uracil. 52) Comparing the accD gene sequence in the pea with its cDNA sequence, we found a cytosine-to-uracil change: the second nucleotide of UCG (serine) is converted to a uracil, and the resultant UUG triplet encodes a leucine. 53) Multiple alignment of the amino acid sequences deduced from the accD gene of 15 land plants suggests the occurrence of similar changes in 6 plants. In such plants that do not have a leucine codon at the position, editing was shown to take place so as to create the leucine codon.
The requirement of a leucine codon at a specific position suggests that accD editing is necessary for several plants. This proposition has been verified. 53) We compared the CT activity of recombinant enzymes containing edited or unedited subunits and found that the edited enzyme, but not the unedited one, is active. On the basis of the crystal structure of yeast CT, 25) we predicted the structure of pea CT; this prediction suggests that the edited residue is present in the core region of the monomer. ACCase is an essential enzyme, indicating that the editing is essential. Probably, the cytosine-to-uracil change is caused by enzymatic deamination, but we do not know why deamination to a specific cytosine occurs.
There are several cases in which both unedited and edited mRNAs produce different functional proteins, 54) indicating the biological role of RNA editing. In the case of the accD, however, the biological role is not yet clear.
Post-transcriptional regulation
All of the polypeptides encoded by the plastid genome form a functional complex with polypeptides encoded by the nuclear genome. 8) For the synthesis of a functional complex, it is believed that the production of plastid-encoded subunits is coordinated with that of nuclear-encoded subunits, but the coordination mechanism is not known. For example, ribulose-bisphosphate carboxylase (RuBisCO) is composed of a plastidencoded large subunit and a nuclear-encoded small subunit. For the synthesis of RuBisCO, the coordinated synthesis of large and small subunits is observed, 55) but the molecular mechanism is not yet known. Protein levels are regulated by its synthesis and degradation, and examinations of the functional complex always suggest that the constituent subunits are coordinately synthesized. Synthesized subunits are probably assembled into the functional complex, and unassembled excess subunits appear to be decomposed because of their labile property. In the case of ACCase, we showed that the apparently coordinated synthesis of four subunits was partly caused by post-transcriptional regulation at the level of assembly. 56) Recent progress in chloroplast transformation provides a method of modifying plastid genes. 57) To investigate the effects of overexpression of a plastidencoded subunit on the expression of a nuclear-encoded subunit and ACCase level, we replaced the promoter of the tobacco accD operon with the promoter of the tobacco plastid rRNA operon by means of chloroplast transformation. 56) In the resultant transformant leaves, the accD transcript, all four subunits, and the ACCase level increased. The finding that three nuclear-encoded subunits increased without a corresponding increase in their transcripts suggests that post-transcriptional regulation was involved. Probably, in wild-type plastids, a molar excess of three subunits is rapidly degraded for lack of a partner accD subunit, but, in the accDoverexpressed transformants, this excess is not always degraded and assembles into ACCase for the supply of an accD subunit, which explains the observed increase in four subunits.
We propose that a close coordination of nuclear-and plastid-encoded subunit synthesis is not necessary and that the synthesized subunits assemble into ACCase and excess subunits are rapidly degraded at the assembly site. The expression of ACCase is grossly controlled at the level of transcription of each gene and is finely controlled, probably by protein degradation, at the last step, namely, assembly. 56) In the synthesis of ACCase, the subunits might appear to be coordinately synthesized. This is not the case, however. Neither the antisense nor the sense expression of the BC or BCCP isoform 2 by nuclear transformation changed in the accumulation of other ACCase subunits, 58, 59) indicating that a closely coordinated expression of nuclear-encoded ACCase subunits does not occur, and thus providing support for our proposal.
Regulation of activity
The ACCase level is at least transcriptionally and post-transcriptionally controlled during plant development (Fig. 2) . This enzyme catalyzes the first committed step of fatty acid synthesis, and not only control of the enzyme level but also control of its activity is important for plant life. Light/dark is one of the most important environmental changes in chloroplasts, and light itself controls ACCase activity to coordinate photosynthesis and fatty acid synthesis. During photosynthesis, ATP and NADPH are produced in chloroplasts and are partly used for the synthesis of fatty acids. For the synthesis of one molecule of palmitic acid, CH 3 (CH 2 ) 14 COOH, from acetyl-CoA, 7 molecules of ATP and 14 molecules of NADPH are necessary. The synthesis rate of fatty acids changes greatly with light and dark through activation and inactivation of the regulatory enzyme ACCase. 60) It is important to identify the changes in activity resulting from light and dark cycles. The factors characterized to date in leaves are pH, Mg ion concentration, and redox in leaves. Light indirectly modulates the catalytic activity of plastidic ACCase via stromal pH and Mg ion and directly modulates a regulatory site of the ACCase via a signal transduction pathway of a redox cascade, as reported in the reductive pentose phosphate cycle. Light controls ACCase activity in response to photosynthesis, and the ATP and NADPH produced are thereby fixed into the carbon chain.
Regulation by stromal pH and Mg ion concentration
When photosynthesis proceeds, the stroma pH rises from 7 to 8, and the Mg ion concentration rises from 1 mM to 3 mM. 6, 61) These changes activate plastidic ACCase. Indeed, the catalytic activity of ACCase reached its maximum at pH 8 and 2-5 mM Mg ion, 62) indicating that light-produced changes in stromal pH and Mg ion concentration modulate ACCase activity. Under simulated conditions, in vitro enzyme activity in light increases to about 90-fold of that in dark, which suggests that stromal changes during photosynthesis activate ACCase to fix ATP and NADPH rapidly into fatty acids. 62) This is true for green tissues, but we do not know what happens in non-green tissues such as seeds.
Regulation by redox
The enzyme activities of the reductive pentose phosphate cycle in chloroplasts are regulated via a redox cascade generated by light (Fig. 3) . 63) In light, electrons from photosystem I are shuttled through the electron transport chain to ferredoxin and transferred to thioredoxins by ferredoxin-thioredoxin reductase and then to target enzymes, reducing the disulfide bond(s) of the enzymes and changing their catalytic activities. In the redox cascade, thioredoxin acts as transducer of the redox potential generated by the light reactions of photosynthesis, providing the chloroplasts with a mechanism to coordinate the activity of various components of photosynthesis to the presence or absence of light. 63) Fatty acid synthesis in chloroplasts is known to be regulated by light/dark. The key enzyme ACCase is modulated by light/dark, 60) presumably under redox regulation, as is the enzyme of the reductive pentose phosphate cycle. 63) To demonstrate redox regulation, it is necessary to identify the cysteine residues involved.
Plastidic ACCase is composed of BC and CT. Addition of the reducing agent dithiothreitol to ACCase showed that CT, but not BC, is activated. 64 ) Pea recombinant CT expressed in E. coli has properties similar to those of authentic CT and is redox-regulated. 21) Site-directed mutagenesis showed that one cysteine residue in the -CT and one cysteine in the -CT involved in redox regulation form an intermolecular disulfide bond between and subunits. 26) Incubation of plants in light or dark supported the idea that such a disulfide bond was relevant in vivo. Thus the cysteine residues involved were identified, and plastidic ACCase is redox-regulated in the green tissues of the pea. Lightdependent activation is also observed in spinach and tobacco. The cysteine residue in the subunit is conserved among organisms, but that in the subunit is not, and another set of cysteines may be responsible in other species. Based on the crystal structure of yeast CT, 25) we predicted the structure of pea CT, and this prediction suggests that these two cysteine residues in the and subunits are located in close proximity to the active site of the CT.
The intermolecular disulfide-dithiol exchange between the and subunits indicates that a covalent bond between them regulates enzyme activity in response to light and that the nuclear-encoded subunit has, at least, a regulatory role for activity. 26) We do not know whether such redox regulation occurs in seeds. It is important to determine the regulation mode of the activity in seeds.
Regulation by other factors
Reversible protein phosphorylation in response to light/dark is a possible candidate for the activity regulation mechanism. In isolated chloroplasts, -CT was phosphorylated on serine residue by illumination, and the phosphorylation decreased when the chloroplasts were transferred to dark conditions. 65) The phosphorylation site and the kinase mediating it have not been identified. Further experiments are necessary to elucidate the role of phosphorylation.
In most cases, end-product inhibition occurs at a regulatory enzyme of the first committed step of biosynthesis, and feedback inhibition is one possible mechanism. 66) In the case of fatty acid synthesis, ACCase is probably the target enzyme. The tobacco suspension culture apparently has a mechanism of feedback inhibition, but the molecules involved in feedback regulation are not yet clear.
67) The molecular characterization involved in feedback inhibition is an interesting problem yet to be solved. 
Gene manipulation for plant breeding
Plant oils are abundant forms of reduced carbon chains and a compact renewable resource that contains 8 times more energy per volume than starch. Vegetable oils are used not only in foods but also in feedstock. To be a suitable alternative to petroleum-derived chemical feedstock, they must be lower in cost. Vegetable oils are esters of glycerol composed of three carbon chains and fatty acids containing about 50 reduced carbons; the major component is fatty acids. Mass production of a reduced carbon chain is necessary for plants, and is mainly controlled by plastidic ACCase because the other related enzymes represent a functional excess. 66) Accumulated studies of the biosynthesis pathway have offered methods to improve vegetable oil by metabolic engineering, and the first success of engineering in plants was the production of laurate in rapeseed. 68) Whereas several trials to manipulate the quality regulation steps in fatty acid synthesis have been successful, [68] [69] [70] [71] only two trials to manipulate the quantity regulation steps have been proposed. One is a method that overexpresses the homomeric form of ACCase using an Agrobacterium transformation system, 72) and the other is a method that overexpresses the heteromeric form of ACCase using the chloroplast transformation system. 56) 1. Manipulation of the homomeric form of ACCase Homomeric ACCase is located in the cytosol, except for the grass family. In the grass family, the functional form in plastids is a homomeric form, and this form may be functional in the plastids of other plants. As already described, informatics suggests a presence of homomeric ACC2 in Arabidopsis plastids. To elevate the ACCase level in plastids and enhance fatty acid synthesis, this ACCase gene was fused with a transit peptide gene and the napin promoter and transformed into Brassica napus. 72) In the transformants, the manipulated ACCase was imported into plastids, and the ACCase activity in plastids increased. The total oil content of seeds increased by approximately 5% in the transformants. This was the first successful instance of elevating ACCase accumulation in plastids and showed that the accumulation promotes fatty acid synthesis.
Manipulation of the heteromeric form of ACCase
The heteromeric form of ACCase is composed of 4 subunits, and it may be necessary to overexpress all the 4 subunits by using a complicated strategy. To elevate this ACCase, a few possible methods were examined for BC, BCCP, and -CT. Tobacco BC cDNA was expressed in the sense and antisense orientations using a constitutive promoter in transgenic tobacco plants. 58) In the transformants, the altered BC levels did not affect the expression of the BCCP subunit of ACCase. Arabidopsis BCCP2 cDNA was expressed in the sense and antisense orientations. 59) In the transformed Arabidopsis, the accumulation of other ACCase subunits was unaffected. In a trial to overexpress plastid-encoded -CT using a nuclear system, a transit peptide was fused to the accD gene and transformed by the Agrobacterium system. But overexpression was unsuccessful, probably because of the labile property of the accD protein (personal communication, Ohlrogge). These results suggest that BC and BCCP are not the limiting factors for the accumulation of ACCase and that a distinct approach is necessary. We have proposed the working hypothesis that expression of accD in plastids might limit total levels of plastidic ACCase and that overexpression of accD might increase the ACCase level. 56) To verify this hypothesis, we used tobacco plastid transformation by homologous recombination. 57) In plastids, two types of RNA polymerases are involved in transcription: nuclearencoded RNA polymerase (NEP) and plastid-encoded RNA polymerase (PEP). 73) In general, housekeeping genes such as accD have a NEP promoter, whereas photosynthetic genes have a PEP promoter. The rRNA operon abundantly expressed in all tissues has both NEP and PEP promoters. 74) In order to overexpress accD in the plastids of all tissues, we replaced the promoter of accD with the NEP and PEP promoters of the rRNA operon in the tobacco genome and examined the effects of the replacement on the ACCase level. In the transformed tobacco leaves, the plastidic ACCase level increased, and we succeeded in elevating plastidic ACCase by overexpressing only the accD gene. 56) The reason for the increase in the other ACCase subunits is described in the post-transcriptional regulation session. In the resultant transformed tobacco, the fatty acid content of the leaves was enhanced, although the fatty acid content per seed was almost the same as in the wild type. To our surprise, the transformants displayed significantly extended leaf longevity and improved seed production by about 2 fold, thus improving the amount of seed oil per plant.
Although further experiments are required to understand the extension of leaf longevity and the increase in seed production, the resultant phenotype has potential utility in crop improvement. Improvements in seed yield should circumvent the limitation of fatty acid production per seed and provide a basis for developing a new strategy for improving commercially important oilproducing crops.
To date, plastid transformation has been feasible in tobacco, but recently this technique has been successfully applied to oilseeds. 75, 76) The overexpression of accD will contribute to plant breeding.
Perspectives
Malonyl-CoA is an important precursor that synthesizes various compounds of biological importance. In particular, fatty acids and their derivatives are major components of membrane lipids, cuticular lipids, and storage lipids and also act as signal or hormone molecules. Because of the small pool size of malonylCoA, an appropriate amount of malonyl-CoA must be provided on time in response to cell demand. To our knowledge, it is synthesized via one pathway from acetyl-CoA by ACCase, and the ACCase molecule has an important regulatory function whereby both enzyme level and activity are strictly controlled in response to cell conditions. ACCase isozymes are present in plastids and in cytosol, and one or two molecular species in each compartment have such a regulatory function. In this decade, we have characterized the enzyme molecules, but our understanding of the nature of regulation is fragmentary. The finding that excess production of malonyl-CoA by overexpression of ACCase results in various phenotypic changes that yield useful traits for agriculture indicates the potential of metabolic engineering of ACCase. Further studies to resolve the nature of the regulation of ACCase are necessary in order to open new paths for applied sciences, including plant molecular breeding.
